This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



THIS PAGE BLUM (uspto) 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
Intemauonal Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 
G06F 12/02 



Al 



(11) International Publication Number: WO 96/24099 

(43) International Publication Date: 8 August 1996 (08.08.96) 



(21) International Application Number: PCTVUS96/0 1 3 1 5 

(22) International Filing Date: 31 January 1996 (31.01.96) 



(30) Priority Data: 

381,715 



31 January 1995 (31.01.95) 



US 



(71) Applicant: NcXT SOFTWARE, INC. [US/US]; 900 Chesa- 

peake Drive, Redwood City, CA 94063 (US). 

(72) Inventors: GARST Blaine; Next Software, Inc.. 900 Chesa- 

peake Drive, Redwood City, CA 94063 (US). OZER, Ali; 
Next Software, Inc., 900 Chesapeake Drive, Redwood City, 
CA 94063 (US). SERLET, Bertrand; Next Software, Inc., 
900 Chesapeake Drive, Redwood City, CA 94063 (US). 
MATTESON, Trey; Next Software, Inc., 900 Chesapeake 
Drive, Redwood City, CA 94063 (US). 

(74) Agents: HECKER, Gary, A. et al.; Hecker & Harriman, Suite 
1600, 2029 Century Park East, Los Angeles, CA 90067 
(US). 



(81) Designated States: CA, JP. European patent (AT, BE, CH T DE, 
DK. ES, FR, GB, GR, IE, fT, LU, MC. NL. PT. SE). 



Published 

With international search report. 



(54) Title: TRANSPARENT LOCAL AND DISTRIBUTED MEMORY MANAGEMENT SYSTEM 
(57) Abstract 

The present invention discloses a system for transparent local and distributed memory 
management. The invention overcomes the prior art's requirement of keeping track of whether 
a memory space allocated to a new object or a new program or data structure can be reclaimed. 
According to the present invention an autorelease pool is created (105) at the beginning of a 
new duty cycle (103). The autorelease pool retains the newly allocated memory space during 
the duty cycle. The autorelease pool is automatically disposed of (1 17) at the end of the duty 
cycle (1 15). As a result of disposing the autorelease pool, the newly allocated memory space 
is reclaimed (i.e M deallocated). The present invention is useful in distributed networks where 
different programming conventions on remote and local machines made the prior art's memory 
management task particularly difficult. The present invention is also useful in an object-oriented 
programming environment. 




DSPOGZOTTKE 
AUTOHELEA5EPOOL 



,1V 



DECREMENT RSTEEENCZ 
COUNT Of TARGET OUTCT 
0YTH8NUMB8*or 
OBJECTS RELEA9NO THE 
TAJLQET OBJECT 



. 119 




DEALLOCATE MEMORY 
ALLOCATED TO T AJLCJffT 
OBJECT 



- I2J 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AM 


Armenia 


GB 


United Kingdom 


MW 


Malawi 


AT 


Austria 


GE 


Georgia 


MX 


Mexico 


AU 


Australia 


GN 


Guinea 


NE 


Niger 


BB 


Barbados 


GR 


Greece 


NL 


Netherlands 


BE 


Bel(ium 


HU 


Hungary 


NO 


Norway 


BF 


Burkina Foo 


IE 


Ireland 


NZ 


New Zealand 


BG 


Bulgaria 


IT 


Italy 


PL 


Poland 


BJ 


Benin 


JP 


Japan 


PT 


Portuffii 


BR 


Brazil 


KE 


Kenya 


RO 


Romann 


BY 


Belarus 


KG 


Kyrgystan 


RU 


Russian Federation 


CA 


Canada 


KP 


Democratic People's Republic 


SD 


Sudan 


CF 


Central African Republic 




of Korea 


SE 


Sweden 


CC 


COQgO 


KR 


Republic of Korea 


SG 


Singapore 


CH 


Switzerland 


KZ 


Kazakhstan 


SI 


Slovenia 


ci 


COce d'lvoire 


U 


Liechtenstein 


SK 


Slovakia 


CM 


Canwroon 


LK 


Sri Lanka 


SN 


Senegal 


CN 


China 


LR 


Liberia 


sz 


Swaziland 


cs 


Chechoslovakia 


LT 


Lithuania 


TD 


Chad 


cz 


Ciech Republic 


LU 


Luxembourg 


TG 


Togo 


DE 


Germany 


LV 


Latvia 


TJ 


Tajikistan 


DK 


Denmark 


MC 


Monaco 


TT 


Trinidad and Tobago 


EE 


Ettonia 


MD 


Republic of Moldova 


LA 


Ukraine 


ES 


Spam 


MG 


Madagascar 


UG 


Uganda 


Fl 


Finland 


ML 


Mali 


US 


United States of America 


FR 


France 


MN 


Mongolia 


uz 


Uzbek mm 


CA 


Gabon 


MR 


Mauritania 


VN 


Viet Nam 



WO 96/24099 



1 



PCIYUS96/01315 



TRANSPARENT LOCAL AND DISTRIBUTED 
MEMORY MANAGEMENT SYSTEM 



10 



BACKGROUND OF THE PRESENT INVENTION 

1. FIELD OF THE INVENTION 

This invention relates to the field of object-oriented programming and 
distributed computing. 

2. BACKGROUND ART 



Object-oriented programming is a method of creating computer 
programs by combining certain fundamental building blocks, and creating 

15 relationships among and between the building blocks. The building blocks in 
object-oriented programming systems are called "objects." An object is a 
programming unit that groups together a data structure and the operations 
(methods, or procedures) that can use or affect that data. Thus, an object 
consists of data and one or more operations or procedures that can be 

20 performed on that data. An object can be instructed to perform one of its 
methods when it receives a "message." A message is a command or 
instruction to the object to execute a certain method. It consists of a method 
selection (name of the method) and arguments (values to be assigned to the 
variables within the object). A message tells the receiving object what to do. 

25 

A disadvantage of the prior art object-oriented programming systems 
is that all objects are required to exist in a single program or process. This 



WO 96/24099 



2 



PCT/XJS96/01315 



prohibits utilizing an object-oriented programming system when writing 
distributed applications. In addition, these prior art limitations prevent the 
creation of applications that are distributed physically over networks of 
machines- One prior art method for providing distributed object-oriented 
5 programming is described in "Design of a Distributed Object Manager for the 
SmallTalk-80 System/' D. Decouchant, OOPSLA 86 Proceedings, September, 
1986, pp. 444-452. The Decouchant reference describes the design of a 
distributed object manager that allows several SmallTalk-80 systems to share 
objects over a local area network. When a local object desires to 

10 communicate with a remote object, the local object communicates with a 
"proxy" that locally represents the remote object. The proxy has two fields 
that describe a remote object, namely, the resident site of the remote object 
and a pointer to the object in the resident site. If the referenced object 
migrates, the contents of the referencing object are not modified. The proxy 

1 5 is updated accordingly by the object manager. In this implementation, a 
proxy is functionally equivalent to a Unix link, except that a proxy is not 
visible to the programmer. It is a private data structure which is handled by 
the object manager like other Small-Talk objects. In U.S. Patent application 
entitled ''method for providing automatic and dynamic translation of 

20 language-based message passing into operating system message passing," 

serial number 07/731,636 filed on July 17, 1991, assigned to the assignee of the 
present application, and hereby incorporated fully be reference into the 
present application, a method using proxies for overcoming the prior art 
difficulties with distribution of objects in different processes has been 

25 disclosed. As disclosed in that application, a proxy acts as a local receiver for 
all objects in a local program. When a proxy receives a message, the message 
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is encoded and transmitted between programs as a stream of bytes. The use of 
proxies, as disclosed in that application, accommodate distributed 
programming in an object-oriented environment. 

5 In local or distributed object programming environments, objects are 

constantly creating and disposing of other objects. Much of the time an object 
creates other objects for its private use and then disposes of them as it needs. 
However, when for example through invocation of a source object's method, 
the source object creates and passes an object to a destination object, the lines 

10 of ownership -and responsibility for disposal blur. Suppose, for example, that 
in an Objective C environment an object called Gadget contains a number of 
objects called Widgets, and that an object called Request wishes to access the 
Widget objects by invoking the method: -(NSArray *) Widgets. This 
invocation causes memory space to be allocated to, for example, copies of the 

15 Widget objects for use by the Request object. However, this method does not 
address whether the Gadget object or the Request object should keep track 
and dispose of the memory space allocated to the Widget objects after the 
Request object is done with the Widget objects. 

20 A convention can be made that either the source object, i.e. the Gadget 

object, or the destination object, i.e. the Request object, is responsible for 
disposing the created object, i.e. the Widget object. Any such convention, 
however, requires the programmer to keep track of a complex web of objects 
that are constantly created in response to invocation of various methods. 

25 Any such convention also presents other difficulties. For example, in a 
distributed processing environment the source object may reside in a local 
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machine and the destination object may reside in a remote machine. In that 
case, the remote machine may run a process that does not have the same 
programming conventions as the local process. For example, the remote 
process may run on a different programming language than that of the local 
5 process. In such a situation, it is very difficult for a programmer of the local 
machine to keep track and dispose of objects that are created for the remote 
machine. One problem is that the local source object needs to know when 
the destination object is done with the created object since it is clearly 
inappropriate to dispose of the created object while it is still being used by the 

10 destination object. On the other hand, it is difficult to keep track of every 
destination object of the remote machine and to send messages to the 
destination objects for disposal of objects that are no longer needed, especially 
if the programming environments of the remote and local machines are 
different. In any event, any conventional attempt at resolving the problem 

15 of reclaiming memory space involves active programmer involvement in 
the difficult and complex task of reclaiming memory space allocated to objects 
created in the course of running a program. 

One known attempt in automatic deallocation of the memory assigned 
20 to objects that are no longer needed is referred to as "garbage collection." 
However, it is difficult to provide garbage collection in a machine- 
independent form in languages (such as C-based languages) in which garbage 
collection is not built in. In addition, garbage collection is unpredictable and 
may occur without programmer control since a general garbage collection 
25 routine is activated by a single request that can be generated at any instant. In 
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addition, present garbage collection methods might miss certain classes of 
deallocated objects. 

Thus, there is need in the art for an effective and efficient method for 
5 reclamation of memory space allocated, for example to objects in an object- 
oriented programming environment. In particular, there is need for an 
effective and efficient way for reclaiming memory space in a distributed 
process environment where objects created in a local machine are passed on 
to a destination object residing in a remote machine. Moreover, there is a 
10 need for a method to transparently, i.e. without actively involving the 
programmer, reclaim memory space allocated to objects created during the 
course* of running a program. 
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SUMMARY OF THE INVENTION 



The present invention discloses a system for transparent local and 
distributed memory management. The invention overcomes the prior art's 
5 requirement of keeping track of whether a memory space allocated to a new 
object or a new program or data structure can be reclaimed. According to the 
present invention an autorelease pool is created at the beginning of a new 
duty cycle. The autorelease pool retains the newly allocated memory space 
during the duty cycle. The autorelease pool is automatically disposed of at 

10 the end of the duty cycle. As a result of disposing the autorelease pool, the 
newly allocated memory space is reclaimed (i.e., deallocated). The present 
invention is useful in distributed networks where different programming 
conventions on remote and local machines made the prior art's memory 
management task particularly difficult. The present invention is also useful 

15 in an object-oriented programming environment. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 is a block diagram of a computer system which can be used to 
practice the present invention. 

5 

Figures 2A and 2B are flow diagrams illustrating an overview of the 
present invention. 



Figures 3-5 show an example of the arrangement of the memory space 
10 of an image of a task processing a new duty cycle. 

Figure 6 shows an example of a distributed network in which the 

* 

present invention is practiced. 

15 Figures 7A-7E show an application of the present invention in a 

distributed network case. 

Figure 8 shows the structure of an autorelease pool according to the 
present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

A system for transparent local and distributed memory management is 
described. In the following description, numerous specific details, such as 
5 object-oriented programming language, operating system, etc., are set forth in 
order to provide a more thorough understanding of the present invention. It 
will be apparent, however, to one skilled in the art, that the present 
invention may be practiced without these specific details. In other instances, 
well known features have not been described in detail so as not to obscure the 
10 present invention. 
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Computer System for Implementing the Present Invention 

The present invention may be implemented on any conventional or 
general purpose computer system. An example of one embodiment of a 
5 computer system for implementing this invention is illustrated in Figure 1. 
A keyboard 10 and mouse 11 are coupled to a bi-directional system 19. The 
keyboard and mouse are for introducing user input to the computer system 
and communicating that user input to CPU 13. The computer system of 
Figure 1 also includes a video memory 14, main memory 15 and mass storage 

10 12, all coupled to bi-directional system bus 19 along with keyboard 10, mouse 
11 and CPU 13. The mass storage 12 may include both fixed and removable 
media, such as magnetic, optical or magneto-optical storage systems or any 
other available mass storage technology. The mass storage may be shared on 
a network, or it may be a dedicated mass storage. Bus 19 may contain, for 

1 5 example, 32 address lines for addressing video memory 14 or main memory 
15. The system bus 19 also includes, for example, a 32-bit data bus for 
transferring data between and among the components, such as CPU 13, main 
memory 15, video memory 14 and mass storage 12. Alternatively, 
multiplexed data /address lines may be used instead of separate data and 

20 address lines. 

In the preferred embodiment of this invention, the CPU 13 is a 32-bit 
microprocessor manufactured by Motorola, such as the 68030 or 68040. 
However, any other suitable microprocessor or microcomputer may be 
25 utilized. The Motorola microprocessor and its instruction set, bus structure 
and control lines are described in MC68030 User's Manual, and MC68040 
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User's Manual, published by Motorola Inc. of Phoenix, Arizona. Main 
memory 15 is typically comprised of random access memory (RAM) and in 
the preferred embodiment of this invention, comprises 8 megabytes of 
memory. More or less memory may be used without departing from the 

5 scope of this invention. Video memory 14 is a dual-ported video random 
access memory (RAM), and in this invention consists, for example, of 256 
kbytes of memory. However, more or less video memory may be provided as 
well. One port of the video memory 14 is coupled to video multiplexer and 
shifter 16, which in turn is coupled to video amplifier 17. The video 

10 amplifier 17 is used to drive the cathode ray tube (CRT) raster monitor 18. 
Video multiplexing shifter circuitry 16 and video amplifier 17 are well 
known in the art and may be implemented by any suitable means. This 
circuitry converts pixel data stored in video memory 14 to a raster signal 
suitable for use by monitor 18. Monitor 18 is a type of monitor suitable for 

1 5 displaying graphic images. The computer system described above is for 
purposes of example only. The present invention may be implemented in 
any type of computer system or programming or processing environment. 

The preferred embodiment of the present invention implements an 
20 object-oriented programming language such as the objective C language. 
Objective C is an extension to ANSI C that supports the definition of classes 
of objects and provides syntactic and run-time support for sending messages 
to objects. This language model is partially derived from SmallTalk and has 
been described in "Object-Oriented Programming; An Evolutionary 
25 Approach," Brad J. Cox, Addison-Wesley 1986 and in "SmallTalk-80: The 
Language and its Implementation," Adele Goldberg, Dave Robson, Addison- 
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Wesley 1983. Further, in its preferred embodiment, the present invention is 
implemented in a computer system using an object-oriented operating 
system. One such object-oriented operating system is known as the "Mach" 
operating system and is implemented in software sold by NeXT, Inc., the 
5 Assignee of the present invention, for use on "PC" hardware and other 
computers sold by various manufacturers (for example, Hewlett Packard and 
Sun Microsystems). The Mach operating system is an object-oriented 
operating system that supports distributed programming. It is a multi- 
tasking operating system kernel, allowing multiple, independent "tasks/' 
10 which provide the basic environment of a program. Mach supports message- 
passing within and between tasks. 

Overview of the Present Invention 

1 5 The flow diagram of Figures 2A and 2B is an overview of the 

transparent local and distributed memory management system of the present 
invention. In step 101, the system of the present invention awaits an event 
that triggers a "duty cycle." A duty cycle is a term that refers to a period of 
activity of an application program, which is followed by a period of inactivity. 

20 For example, in a local application having a windowing interface, a new duty 
cycle is triggered in response to a user input, such as press of a key, mouse, or 
button. As another example, in a distributed network a new duty cycle is 
triggered when a remote machine has asked a local machine to perform an 
activity on behalf of the remote machine. The invention makes use of these 

25 "naturally occurring'' duty cycles for creating a new object called the 

"autorelease pool" (also referred to as "autorelease object" or "autorelease 
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program" in this application). As shown in step 103 if a new duty cycle is 
triggered, a new autorelease pool is created (step 105), otherwise the system 
awaits an event that triggers a new duty cycle (step 101). 

5 In step 107 an object (called a target object) is created in response to the 

event triggering the duty cycle. For example, in response to a mouse press 
(the triggering event), an object necessary to display a pop up menu is created 
by, for example, executing a subroutine. In step 109, memory space, typically a 
space in RAM belonging to the task during which the mouse event has 

10 occurred, is allocated to store the target object. In step 111, the new 

autorelease pool created in step 105 "retains" the target object. An object, 
such as the autorelease pool, can retain another object, such as the target 
object, by holding a pointer to that object. A pointer, also called an "ID," is 
the address at which an object is located. Thus, the autorelease pool retains 

15 the target object by remembering the target object's address. Conversely, the 
target object keeps a count, called a "reference count/ idicating the number 
of objects that are currently retaining the target object (step 113). Thus, during 
the course of a duty cycle, the reference count kept by the target object is equal 
to or greater than one since at least one object (i.e., the autorelease pool) 

20 retains the target object. If, during the course of the duty cycle, other objects 
also retain the target object, then the reference count would be greater than 
one. 

The duty cycle is complete when the activity of the computer system in 
25 response to a triggering event, such as a mouse press, has ended. If the duty 
cycle is complete (step 115), the autorelease pool is automatically disposed of 
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(step 117). As a result, there is no longer an autorelease pool retaining the 
target object and thus the reference count kept by the target object is 
decremented by one. However, other objects that have "retained" the target 
object may have also "released" it (i.e. are no longer retaining the target 
5 object). In that case, for each object that has released the target object the 
reference count is decremented by one (step 119). At step 121 the system 
checks to see if the reference count is equal to zero. If so, the RAM space 
allocated to the target object is deallocated (step 123). In other words, the 
target object is deleted from the memory space of the task during which the 

10 mouse event occurred. If the reference count is not equal to zero, the target 
object remains in the memory space of the current task until no object is 
retaining the target object. Thus, the system continually checks the reference 
count until the reference count is equal to zero, at which point the memory 
space allocated to the target object is deallocated. The deallocation of memory 

1 5 space is accomplished without the programmer keeping track of whether the 
newly created object (i.e., the target object) is still needed by the subroutine 
that created the target object, or by other objects that had retained the target 
object. Accordingly, the memory management of the present invention is 
accomplished transparent to the programmer. The present invention is 

20 described in more detail below. 



Memory Management by the Present Invention in a Local Case 

Figure 3 shows the organization of memory comprising an "image" of 
25 a current task in a local machine (each task has a distinct view of the RAM 
space of a machine; this distinct view of memory is called the "image" of that 
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task). As an example of an event triggering a new duty cycle in a local 
machine is mouse event 203. Mouse event 203 is, for example, a mouse press 
triggering display of a pop up menu on an active window of a local 
application. The mouse press thus triggers a new duty cycle which is the cycle 
5 in which the application recalls the pop up menu and displays it on the 
screen. The mouse event is transient (and belongs to "transient memory" 
201 shown in Figure 3) and is thus disposed of at the end of the duty cycle, 
namely, when the pop up menu is displayed on the screen. Thus, keeping 
track and disposing of the mouse event by itself is a relatively simple matter. 

1 0 The image of the current task also includes "persistent memory" 205 which 
typically lasts longer than the duty cycle trigged by mouse event 203. 
Persistent memory 205 may include main window 209, subwindow 207, and 
subwindow 211. During the mouse event duty cycle, a subroutine in the 
application processes the mouse event and returns a pop up menu. One of 

15 the objects recalled in response to the mouse event and allocated to the image 
of the current task is pop up menu 213 shown in Figure 4. Pop up menus 
typically belong to more persistent memory than does the mouse event since 
other objects, such as subwindow 211 shown in Figure 4, may need to retain 
and display the pop up menu beyond the mouse event duty cycle. However, 

20 subwindow 21 1 did not recall or create the pop up menu object. Further, 
subwindow 211 may not even need the pop up menu object beyond the 
mouse event duty cycle. In the prior art, the programmer has the burden of 
keeping track of the memory space allocated to the pop up menu object. 

25 In the present example, the programmer has to dispose of the pop up 

menu after constantly checking to ensure that the mouse event duty cycle has 
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ended and that no other object is retaining the pop up menu. The 
autorelease pool of the invention overcomes this prior art difficulty by 
automatically retaining the pop up menu during the course of the mouse 
event duty cycle. At the end of the mouse event duty cycle, the autorelease 
5 pool is disposed of, causing an automatic release of the pop up menu if no 
other object is retaining the pop up menu. As such, transparent to the 
programmer, memory space allocated to the pop up menu is deallocated at 
the end of the mouse event duty cycle. 

1 0 Thus as shown in Figure 5, the persistent memory now comprises 

subwindow 207, main window 209, and subwindow 211 without pop up 
menu 213. However, if other objects, such as subwindow 211 in persistent 
memory 205, need to retain pop up menu 213 beyond the mouse event duty 
cycle, the pop up menu is not disposed of even though the autorelease pool is 

15 disposed of at the end of the mouse event duty cycle. Thus, again, without 
active involvement of the programmer, the invention permits retaining the 
pop up menu when other objects wish to retain the pop up menu beyond the 
mouse event duty cycle. 

20 In another embodiment, the invention applies to any type of memory 

allocation whether or not a target object is involved. Further, the allocated 
memory space may be retained by any piece of code or any program as 
opposed to another object. For example, suppose that a string of data (as 
opposed to an object) making up title of a window is recalled and is allocated 

25 RAM space. A "window code" retains this string, in other words, the 
window code increments by one the reference count for that string. The 
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window code may then perform an operation on the string of data such as 
changing all lower case letters to upper case letters. The string of upper case 
letters are kept beyond the duty cycle that invoked the lower case string since 
the upper case string is to be displayed as the title of the window. 

5 

At the beginning of the duty cycle that invoked the lower case string, 
an autorelease pool is created which holds a pointer to (i.e., retains) the lower 
case string. When the conversion of the lower case string to an upper case 
string is complete, in other words, at the end of the duty cycle that invoked 

1 0 the lower case string, the autorelease pool is disposed of. As a result, the 
reference count for the lower case string is reduced to zero and the memory 
space allocated to the lower case string is reclaimed without programmer 
involvement. Thus, the invention allows transparent reclamation of 
memory space allocated to non-objects as well as objects. The invention 

15 applies generally to reclamation of memory allocated in any situation where 
new memory space is allocated as a result of invocation of a routine, 
subroutine, procedure, or any program that requires temporary use of RAM 
space. 

20 Memory Management by the Invention in a Distributed Network Case 

The general problem in reclaiming memory allocated as a result of a 
network activity is illustrated in Figure 6. Suppose that task A is running on 
local machine 251 while task B is running on remote machine 257. Task B 
25 needs to invoke a subroutine that needs data residing in task A's image (it is 
recalled that task A's image is the view of RAM as seen by task A). This data 
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of interest to task B is shown by block 253 in Figure 6. Task B requests task A's 
proxy (i.e., proxy 259 in Figure 6 which resides in task B) to invoke a 
subroutine on task A. Task A's proxy 259 forwards the request to invoke the 
subroutine to task A over network communication link 255. Task A runs the 
5 subroutine on "data of interest to task B" 253 and returns the result to task B 
over network communication link 255. However, as a consequence of 
running this subroutine, some memory space in task A gets allocated to the 
result of the subroutine. This memory space is allocated in response to task 
B's request from a remote machine. According to the prior art, task A cannot 

10 readily reclaim this memory space because task A must ensure that task B no 
longer needs to access this memory space which contains the result of the 
subroutine run in response to the call from a remote machine. On the other 
hand, nor can task B readily reclaim this memory space. One difficulty is that 
the programming conventions of remote machine 257 and local machine 251 

1 5 can be different. Furthermore, task B also needs to ensure that task A no 
longer needs the memory space allocated to the result of the subroutine run. 
Thus, the prior arfs programmer has to continually keep track of various 
codes and objects that may need the memory space allocated to the result of 
the subroutine prior to deallocating (i.e., reclaiming) that memory space. 

20 

The present invention overcomes this difficulty of the prior art. 
According to the present invention, an autorelease pool keeps track of the 
memory allocated by task A in response to the subroutine call by task B. An 
autorelease pool is created at the beginning of the duty cycle which is the time 
25 at which task B requests task A's proxy to invoke a subroutine on task A. At 
this time, the autorelease pool holds a pointer to the memory allocated by 
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task A for the result of the subroutine. At the end of the duty cycle, namely 
when a copy of the result is forwarded to task B, the autorelease pool is 
disposed of. As a consequence, the reference count kept in the memory 
allocated to the result of the subroutine is decremented by one. If no other 
5 object in task A or task B is currently retaining the result of the subroutine, 
the reference count would now be equal to zero. As a result, the memory 
allocated to the result of the subroutine can now be safely reclaimed 
transparent to the programmer and regardless of different programming 
conventions that may exist on remote machine 257 and local machine 251. 
10 According to the prior art, the programmer has no transparent mechanism 
for supplying such a method for reclaiming the allocated memory. The prior 
art convention of "caller releases" forces all subroutine suppliers to yield 
results with "extra references." This results in loss of efficiency and 
transparency. 

15 

Referring to Figures 7 A through 7E, consider another example of how 
the present invention operates in a distributed network environment. As 
shown in Figure 7A, task A is run on local machine 261 and task B on remote 
machine 267. Task A holds a proxy 265 to task B. Task A initiates a "remote 
20 procedure call" to task B by requesting proxy 265 to forward a network 

message to task B. (A remote procedure call is a convenient method of using 
the network communication link (not shown in Figures 7A through 7E) 
between local machine 261 and remote machine 267. The invention is not 
restricted to, or dependent upon, using a remote procedure call). 
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When the remote procedure call is initiated by task A, a new duty cycle 
begins, and the network message (network message 263 in Figure 7B) is 
created, and an autorelease pool (not shown) is also created which holds a 
pointer to network message 263. Then a copy of network message 263 (shown 
5 as network message 269 in Figure 7C) is passed across the network 

communication link to remote machine 267. The network message gets 
copied into task B of remote machine 267. This copy is shown as network 
message 271 in Figure 7D. 

10 Task B creates its own autorelease pool (not shown) in response to 

receiving the network message which is the beginning of a new duty cycle for 
task B. This autorelease pool holds a pointer to network message 271. Task B 
then performs the procedure called for by task A and returns the result of this 
procedure to task A. The steps necessary to perform the procedure and the 

15 return of the result of the procedure to task A are not shown in the Figures 
and are not discussed here to preserve simplicity. 

After the network message has reached task B, and copied to it, the 
duty cycle of task A triggered by the remote procedure call ends. Accordingly 

20 the autorelease pool in task A that pointed to network message 263 is 

disposed of. Consequently, the memory space in task A occupied by network 
message 263 is reclaimed. At the other end, when the result of the procedure 
called for by task A is returned to that task by task B, the duty cycle that began 
when network message 271 was received by task B ends. Accordingly the 

25 autorelease pool in task B that pointed to network message 271 is disposed of. 
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Consequently, the memory space in task B occupied by network message 271 
is reclaimed. 

As shown in Figure 7E, both task A and task B are left with the same 
5 memory state that existed before the network message was created. 
Therefore, according to our invention, the mechanisms that are used to 
distribute objects, such as the network message, do not have to keep track of 
all the memory that is being allocated to the distributed objects in the various 
machines in the network: All of the memory reclamation processes are 
10 accomplished transparent to the programmer. 

As another example of how the present invention operates in a 
distributed network, suppose that the procedure that was invoked by the 
network message in the above example required task B to build a "color 

15 object"; an object whose only notion is that the object represents a certain 
color, for example the color red. The result of the subroutine, namely the 
color object, is then returned to task A, in other words the color object is 
copied from task B to task A. At the end of the duty cycle of task B, i.e., when 
the color object is returned to task A, the autorelease pool in task B that 

20 pointed to the color object is disposed of. Accordingly, if no other objects are 
currently retaining the color object in task B, the memory space in task B 
which is allocated to the color object is reclaimed. Again, the memory space 
is reclaimed without active programmer involvement. 

25 As another variation of the above example, suppose that instead of 

task B supplying A with a copy of the color object, task B supplies task A with 
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a proxy to the color object. In this case, the autorelease pool created by the 
invention holds a reference (in fact, the only reference) to the new color 
object in task B. If the proxy to the color object is not retained by the end of 
task A's present duty cycle, the proxy to the color object is released and a 
5 network message is sent to release the color object built in task B. To the 
programmer, the behavior of the distributed system is as if task A and task B 
were both local tasks, or that task A and task B were one indistinguishable 
task. Thus, whether task B supplies a copy of the color object to task A, or 
task B supplies task A with a proxy of the color object, according to the 
10 present invention a programmer transparent mechanism recovers the 
memory allocated by either task A or task B. 

In one embodiment, the invention obviates the need for an additional 
network message indicating that a certain memory space has been reclaimed 

15 by one of the machines in the network. This is accomplished by 

"piggybacking" a memory status message on the main object or message 
passed across the network. For example, suppose that in the above example 
of the color object, task B needed to inform task A that the memory space that 
task B allocated to the color object has been reclaimed. In the prior art, after 

20 the color object was returned to task A and after task B had reclaimed the 
memory space in task B allocated to the color object, task B sends a follow up 
network message to task A that the memory space in task B has in fact been 
reclaimed. 

25 In contrast, according to the invention, when task B returns the color 

object to task A, task B piggybacks a message sent along with the color object; 
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the message indicates that the only object currently retaining the color object 
in task B is the autorelease pool. Accordingly, when task A receives the color 
object from task B, task A would also know that at the end of task B's duty 
cycle (i.e., when the color object was returned to task A) task B reclaimed the 
5 memory space in task B allocated to the color object. Thus, the invention 
overcomes the prior art's need for sending a follow up message from task B 
to task A indicating that the memory space was reclaimed by task B. 

Structure of an Individual Autorelease Pool 

10 

The autorelease pool of the present invention is typically a standard 
object. Figure 8 shows an example of the invention's autorelease pool. 
Autorelease pool 221 contains pointers to or addresses (also called "ID's") of 
other objects. Pointer to A (223), pointer to B (225), and pointer to C (227) are 

1 5 examples of pointers that the autorelease pool holds to object A (229), object B 
(235), and object C (241), respectively. Each pointer in autorelease pool 221 
typically occupies between four and thirty two bytes of memory. The objects 
to which pointers are held by the autorelease pool are those that are created 
typically as a result of invocation of a subroutine either locally, or from a 

20 remote machine in a network. According to the invention, the event 
triggering a new duty cycle also triggers creation of a new autorelease pool, 
and the addition of the new autorelease pool to a stack of autorelease pools. 
Each object that is recalled from a data base and which is allocated RAM space 
(also referred to as a "target object 7 ' in this application) keeps a "reference 

25 count" which indicates the number of objects that are currently retaining that 
object. Thus, as a result of the invention's autorelease pool holding a pointer 
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to (i.e., retaining) a target object, the retained target object increments its 
reference count by one, indicating that one more object, namely the 
autorelease pool, currently retains the target object. As such, according to our 
invention, as soon as a target object is allocated RAM space, the reference 
5 count kept by the target object becomes equal to or greater than one since at 
least one object (i.e., the autorelease pool) retains the target object. As shown 
in Figure 8, object A (229), keeps a reference count 231, where one count 
corresponds to autorelease pool 221, shown as "A.R.P." 233. Likewise, object 
B (235) keeps a reference count 237, where one count corresponds to 
10 autorelease pool 221, indicated by "A.R.P." 239. Object C (241) also keeps a 
reference count 243 with one count corresponding to autorelease pool 221, 
shown as "A.R.P." 245. 

Creation of the Autorelease Pool 

15 

In both local and distributed network cases, autorelease pools are 
created in response to major and minor duty cycles. At the beginning of each 
duty cycle a new autorelease pool is created, and each duty cycle has its own 
autorelease pool. Thus, during the course of running a task a number of 
20 nested autorelease pools exist that correspond to various duty cycles. 
Accordingly, every task has a set of nested autorelease pools in the task's 
image in the RAM. The set of nested autorelease pools are arranged in a 
stack. The newest autorelease pools are added to the top of the stack, and are 
recalled therefrom. Access to the stack is made via a "global subroutine/' 
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In general, any piece of code can create the autorelease object. In a 
preferred embodiment a code that manages input from users or from other 
machines in a network (also called an "input managing code" in this 
application) is responsible for creation of the autorelease pool. The input 
5 managing code detects events that indicate a new duty cycle must begin 

(examples of such events were given above). The input managing code has a 
"WHILE LOOP' that continually checks for activity that indicates the 
beginning of a new duty cycle. When the input managing code detects duty 
cycle triggering activity, the code creates an autorelease pool and awaits end of 

1 0 the duty cycle. At the end of the duty cycle the input managing code disposes 
of the autorelease pool that was created as a result of that duty cycle. The 
input managing code of any task that wants to create a new autorelease pool 
would invoke this global subroutine which creates a new autorelease pool for 
the requesting task. Once a new autorelease pool is created for the requesting 

1 5 task, a message called "Add Object" is invoked to register objects for use in 
that duty cycle. 

Another way that the input managing code can use an autorelease 
pool is by having an object that was created due to the new duty cycle (in 

20 other words, the object that is to be deallocated at the end of the duty cycle) 
invoke an "autorelease subroutine." By invoking this subroutine, the 
autorelease pool at the top of the autorelease pool stack retains (and later 
releases) the object invoked due to the new duty cycle. As an example, 
suppose that in the case discussed above with respect to displaying a pop up 

25 menu in a window, an object "pop up" is created as a result of the new duty 
cycle. It is recalled that the new duty cycle is detected by the input managing 
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code in response to the user input, for example, a mouse press. It is then 
desired to have the new autorelease pool hold a pointer to that object. The 
following Objective C code is an example of how this can be accomplished. 

5 popup * pop = [popup alloc]; /* allocate memory space to the pop up 

object */ 

[popup autorelease]; 

/* have the autorelease pool hold a pointer (i.e., retain) the 
pop up object */ 
10 return pop; 

• As before, at the end of the duty cycle that was triggered by the mouse 
press, the autorelease pool holding a reference to the pop up object is 
disposed of. 

15 

The invention frees a programmer from the prior arf s tedious and 
error-prone requirement of keeping track of whether memory space allocated 
to a target object needs to be reclaimed (i.e., deallocated) when the subroutine 
calling the target object no longer needs that object. Consider an example of 

20 the application of our invention to a case involving nested duty cycles. 

Suppose during a major duty cycle which involves display of a window on a 
screen, a minor duty cycle consists of a mouse press for opening a panel on 
the current window. However, the panel may already be open due to some 
other activity which would last beyond the mouse press duty cycle. In that 

25 case, the prior art programmer had to keep track of whether the panel was 
already open and distinguish that case from a case where the panel is not 
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already open. In the former case, the programmer needs to ensure that the 
memory space allocated to the panel is not reclaimed at the end of the mouse 
press duty cycle. In the latter case, the programmer needs to reclaim the 
memory space allocated to the panel since the panel is no longer needed. As 
5 the number of nested major and minor duty cycles increases, the prior art 
programmer has to keep track of an increasing number of possibilities. 

Our invention has overcome these difficulties. According to our 
invention, a reference to the target object, in this case the "open panel" object, 

10 is held by the autorelease pool. The autorelease pool is created at the 

beginning of the mouse press duty cycle and is disposed of at the end of that 
duty cycle. Thus, if no panel is already open, the reference count of the open 
panel object is decremented to zero at the end of the mouse press duty cycle 
due to the disposal of the autorelease pool. Accordingly, at the end of the 

15 mouse press duty cycle, the memory space allocated to the open panel object 
is reclaimed transparent to the programmer. However, if a window panel is 
already open, and is to remain open beyond the life of the mouse press duty 
cycle, the disposal of the autorelease pool does not result in reducing the 
reference count of the open panel object to zero. The reference count of the 

20 open panel object remains greater than zero since an object, in addition to the 
autorelease pool, has been retaining the open panel object Accordingly, at 
the end of the mouse press duty cycle, the memory space allocated to the 
open panel object is not reclaimed. This is also achieved transparent to the 
programmer. 
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Thus, a transparent local and distributed memory management system 
has been described. 
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CLAIMS 

1. A method for reclaiming an allocated memory space, the method 
comprising the steps of: 

5 creating an autorelease program, said autorelease program retaining 

said allocated memory space; 

creating a reference count in said allocated memory space, said 
reference count having a value corresponding to the number of programs 
retaining said allocated memory space; and 
10 reclaiming said allocated memory space when said reference count 

equals a predetermined value. 

2. The method of claim 1 wherein said allocated memory space is a 
target object in an object oriented programming environment. 

15 

3. The method of claim 1 wherein said autorelease program is an 
autorelease object in an object oriented programming environment. 

4. The method of claim 2 wherein said autorelease program is an 
20 autorelease object in said object oriented programming environment. 



WO 96/24099 



29 



PCT/US96/01315 



5. A method for reclaiming memory allocated to a target object copied 
from a remote machine to a local machine, said remote machine and local 
machine having stored therein a first plurality of objects, the method 
comprising the steps of: 
5 creating an autorelease object, said autorelease object containing a 

pointer to said target object; 

said remote machine and local machine containing a second plurality 
of objects currently using said target object, said second plurality of objects 
comprising at least said autorelease object and at most said first plurality of 
1 0 objects; 

creating a reference count in said target object, said reference count 
having a value corresponding to said second plurality; and 

reclaiming memory allocated to said target object when said reference 
count equals zero. 



15 
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6. A method for reclaiming memory allocated to a target object 
wherein a remote machine and a local machine have stored therein a first 
plurality of objects, the method comprising the steps of: 

creating an autorelease object, said autorelease object containing a 
5 pointer to said target object; 

said remote machine and local machine containing a second plurality 
of objects currently using said target object, said second plurality of objects 
comprising at least said autorelease object and at most said first plurality of 
objects; and 

10 said remote machine creating a proxy object of said target object, said 

remote machine supplying said proxy object to said local machine, and said 
autorelease object holding a reference to said proxy object, 

7. The method of claim 6 further comprising the step of reclaiming 
15 memory allocated to said target and proxy objects when a reference count 
held by said proxy object equals zero. 
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